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Abstract. Physical analysis of explosive, magma-water in-
teraction is complicated by several important controls: (1)
the initial geometry and location of the contact between
magma and water; (2) the process by which thermal energy
is transferred from the magma to the water; (3) the degree
to and manner by which the magma and water become in-
termingled prior to eruption; (4) the thermodynamic equa-
tion of state for mixturés of magma fragments and water;
(5) the dynamic metastability of superheated water; and (6)
the propagation of shock waves through the system. All of
these controls can be analyzed while addressing aspects of
tephra emplacement from the eruptive column by fallout,
surge, and flow processes. An ideal thermodynamic treat-
ment, in which the magma and external water are allowed
to come to thermal equilibrium before explosive expan-
sion, shows that the maximum system pressure and entropy
are determined by the mass ratio of water and magma inter-
acting. Explosive (thermodynamic) efficiency, measured
by the ratio of maximum work potential to thermal energy
of the magma, depends upon heat transfer from the
pyroclasts to the vapor during the expansion stage. The adi-
abatic case, in which steam immediately separates from the
tephra during ejection, produces lower efficiencies than
does the isothermal case, in which heat is continually trans-
ferred from tephra to steam as it expands. Mechanisms by
which thermal equilibrium between water and magma can
be obtained require intimate mixing of the two. Interface
instabilities of the Landau and Taylor type have been
documented by experiments to cause fine-scale mixing pri-
or to vapor explosion. In these cases, water is heated rapid-
ly to a metastable state of superheat where vapor explosion
occurs by spontaneous ffiscleation when a temperature limit
is exceeded. Mixing may also be promoted by shock wave
propagation. If the shock is of sufficient strength to break
the magma into small pieces, thermal equilibrium and
vapor production in its wake may drive the shock as a ther-
mal detonation. Because these mechanisms of magma frag-
mentation allow calculation of grain size, vapor tempera-
ture and pressure, and pressure rise times, detailed em-

placement models can be developed by critical field and
laboratory analysis of the resulting tephra deposits.
Deposits left by dense flows of tephra and wet steam as op-
posed to those left by dilute flows of dry steam and tephra
show contrasts in median grain size, dispersal area, grain
shape, grain surface chemistry, and bed form.

Introduction

It was, perhaps, the 1883 eruption of Krakatau that trig-
gered the geophysical awareness of the hydromagmatic
eruption mechanism (Verbeek 1885). Volcanologists now
widely recognize the importance of external water in explo-
sive volcanism. Well-documented eruptions, such as
Surtsey, Capelihnos, and Taal (Thorarinsson et al. 1964;
Waters and Fisher 1971; Moore et al. 1966), have greatly in-
creased our knowledge of activity associated with large-
scale vaporization of lake and sea water by rising magma.
Recently it has been shown that not only maars, tuff rings,
and tuff cones (e. g. Womer et al. 1980; Sheridan and Woh-
letz 1981; Boivin et al. 1982), but portions of composite
volcanoes and large ignimbrite sheets as well owe their ex-
istence to explosive hydromagmatic processes (e. g. Fraz-
zetta et al. 1983; DeRita et al. 1983; Self 1983).
Hydromagmatic explosive behavior varies greatly, as
do associated structures and deposits, and the circum-
stances under which magma contacts external water must
be considered (e.g. Kokelaar 1983). Still, whatever
mechanism is invoked to explain hydromagmatic erup-
tions, the phenomenon of water boiling is a fundamental
problem. This phenomenon is complex in hydromagmatic
systems because water generally is mixed with molten mag-
ma. Hence, a complex equation of state for the mixture
arises and this is further complicated by dynamics of shock
wave propagation. Recent work (e. g. Cronenberg 1980;
Condiff 1982; Corradini 1981a) has concentrated upon de-
veloping fluid instability and detonation theories for the
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rapid boiling process exhibited by interaction of molten
metals with water, which are applied to experimental
results for nuclear reactor, liquid natural gas, paper pulp,
and metal smelter systems.

This paper summarizes some of the pertinent physical
considerations of hydromagmatic eruptions. First, an

idealized thermodynamic analysis shows the explosive -

potential of magma-water contacts, assuming that the two
are intimately mixed. Secondly, the problem of how mixing
occurs is discussed in the light of recent experimental
studies of analog systems. Finally, a field example illus-
trates how geologic data can support a hydromagmatic
hypothesis and be applied to obtain some theoretical under-
standing. Much of the first two parts of this paper attempts
to be quantitative in description, since more graphical
presentations have already been published.

Thermodynamic considerations

In the following discussion, it is shown how some predic-
tions about magma-water interactions can be made from
thermodynamics. Few now assume that nothing is known
about the mechanism of the contact between magma and
water, but that it results in production of high pressure
steam that may explosively decompress. This assumption
implies that thermal energy is transferred from the mhgma
to the water as described by the second law of ther-
modynamics. The objective of this analysis is to find out
how much work can be done by the explosive expansion of
steam. Work is manifested in the fracture and excavation of
country rock to form a crater, fragmentation of the magma
into fine grained debris, and ejection of these fragments in
an expanding jet of steam. For a hydrovolcanic eruption, it
is necessary to find the work potential for expansion of the
steam to atmospheric pressure. Calculation of the true
potential requires determination of a complex set of bound-
ary conditions unique to each volcano; but for simplicity
and generality, one can make a few assumptions that allow
analytical calculation of maximum potential.

For the system consisting of a mixture of magmatic par-
ticles and water and the surroundings being the volcano
vent structure and the atmosphere, assume:

1. All the heat lost by the magma during the eruption is
transferred to external water.

2. The liquid water and magma are incompressible, so that
for each the specific heats remain constant with chang-
ing pressure and volume.

3. The specific volume of liquid water is small compared to

that of its vapor.

. The water vapor behaves as a perfect gas.

. The volume of the magma does not change during the
eruption (i. e. it does not vesiculate or contract during
cooling).

All of these assumptions are more or less standard for a
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simple thermodynamic analysis. Certainly some heat is
lost from the magma to country rock and the atmosphere
during eruption, and magma does exhibit a finite volume
change with quenching. Both of these may account for dis-
crepancies of several percent. The other assumptions con-
cern the exact thermodynamic properties of water. At su-
percritical states a deviation from ideality of 10% or more
is expected, but since most volume change occurs at sub-
critical states for adiabatic expansion, the assumptions in-
troduce very litle error into calculations, especially when
extended or extrapolated steam table data (such as given by
amodified Redlich-Kwong fit) are considered (Burnham et
al. 1969; Holloway 1977; Kieffer and Delany 1979).

~ The Hicks-Menzies (1965) approach for this calcula-
tion was specifically formulated for molten melt-water in-
teractions. It is generally considered to give maximum
work potentials, and the illustration shown here is adapted
from Oh (1985). The explosive interaction is considered to
occur in two idealized stages (see Table 1 for definition of
notation to be used). In the first stage, a mass of magma,
m,,, at absolute temperature, 7,,, somehow intimately
mixes with a mass of external water, m,,, at'absolute tem-
perature, T, and thermal equilibrium is reached instan-
taneously. In the second stage, the system expands isen-
tropically to atmospheric pressure, p,, with a total change
in the system’s volume of AV,

Thermal equilibrium stage

The first stage is described by the first law of ther-
modynamics as an adiabatic, nearly constant volume
process where changes of potential and kinetic energy are
neglected: dU—dQ=dW=0, where dU is the change in
specific internal energy of the system, dQ is the heat trans-
port between the magma and water, and dW is the work out-
put. Since the first stage is idealized as occurring at nearly
constant volume (inside a confined region under the vol-
cano or at such a rate that little vaporization occurs), heat
of vaporization and consequently dW vanish. This law can
be expressed more explicitly as:

mevw( Te_Tw) mmcvm(Te_Tm) =0 (1)

where C,,, and C,, are respectively the liquid water and
magma specific heats at constant volume. If some expan-
sion with vapor formation is allowed for this step, a term
reflecting the internal energy of the vapor fraction and that
required for vaporization should be included on the left-
hand side of Eq. (1). This relationship allows estimation of
the idealized equilibrium temperature, T,. The equilibri-
um pressure, p,, is estimated by assuming that the mixture
can be modeled with a Redlich-Kwong equation of state:

RT, B

e
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where R, A, and B are the gas constant, the covolume term
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Table 1. Definition of notation
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covolume term in Redlich-Kwong equation of state
attractive term in Redlich-Kwong equation of state
Bond number
coefficient of drag
specific heat at constant pressure
specific heat at constant volume
energy
total energy
nucleation rate of water vapor bubbles
kinetic energy
median diameter
potential energy
heat transport
universal gas constant (461.51 J kg7'K™)
ratio of mass of water to that of melt
IR, —R*|
specific entropy
temperature
specific internal energy
specific volume
work output
reversible work of equilibrium bubble formation
mass ratio effect number
molecular collision rate per unit volume
water acceleration during vapor-film collapse
sound speed
gravitational acceleration
specific enthalpy
wave number
Boltzmann constant (5.6697 x10~8 W m—2 K™
mass
* time coefficient in Taylor solution
pressure
radius of vapor bubble
I radius of melt fragments during coarse mixing with
‘water prior to thermal detonation
r radius of melt fragments after detonation
r pre-expanded vapor-film thickness
t time
t, melt breakup time
z, velocity equilibrium time
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time span of Landau instability pressure pulse
velocity

steam mass fraction

thermal conductivity

[—log, (grain size in mm)]

phase

wavelength

instability amplitude

thermal diffusivity

density

surface tension

Inman sorting coefficient

characteristic time of instability growth

NQQDAI>EO R EEN

Subscripts

cJ Chapman-Jouguet state

1 value for interface between water and magma

SN value for spontaneous nucleation

thermodynamic state at which water expansion goes

from supercritical state to saturated state

crit value at critical instability growth

d themrodynamic state at which water expansion passes
from saturated state to superheated state ) :

e value at equilibrium state

m refers to property of melt (magma)

w refers to property of liquid water

v refers to property of water vapor

Iy refers to property at liquid-to-vapor phase

transition
max value at maximum conditions
mix refers to property of melt and water mixture
rel value of melt particles relative to that of water
ref value at reference conditions
5ys value for system of magmatic particles and water
sur value for surroundings, consisting of volcano vent

structure and atmosphere

0 value at ambient conditions

1 value at initial state prior to interaction

2 value at final state after expansion to ambient
pressure

(1.17 x10~?), and the attractive term (43961) for H,O (SI
units; Corradini 1981b). V, is the equilibrium volume of
the water, which can be taken as its initial volume.

The entropy of the equilibrium state, S,, is solved from
the definition: dS=(C,/T)dT+ (3p/dT), dV. For the simple,
constant volume case in which yaporization does not occur,
integration yields:

S,=S,+C, In(T/T). : 3)

Using steam tables, an alternative estimation of the pres-
sure, p,, for the first stage (equilibrium state) can be made.
S, is about 300 KJ kg™ K~ (T, =298 K), using the water
triple-point as a standard state. If a small volume increase
does occur, a third term is required for the right-hand side
of Eq. (3), and it is equal to a constant (approximately 1.5
MPa/°C; Knapp and Knight (1977) multiplied by the

expected volume change (in appropriate units). Then p,
and the steam fraction x, can be calculated from saturated
steam tables where:

S —S8)/Sy; 8,28
X, = ‘
0 ‘ ) Se < Sl

Subscripts / and v refer to values for the saturated liquid
and for vaporization of the saturated liquid at 7,. For su-
percritical equilibrium states, extended or extrapolated
steam table data are required (see Kieffer and Delany 1979;
Burnham et al. 1969).

Expansion stage

The expansion stage in which the system equilibrates to at-
mospheric pressure can be calculated for two “‘endmem-
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ber” situations, which depend upon heat transfer to the
steam during expansion. Using the terminology suggested
by Self et al. (1979): the adiabatic case involves no heat
transfer from pyroclasts, and the vapor expands isentropi-
cally; in the isothermal case—in which the two phases
maintain a common temperature by perfect thermal contact
and heat is continuously supplied to the vapor during
expansion—the mixture behaves isentropically while the
vapor increases in entropy. Maximum work potential is
achieved for the isothermal case. Since the total energy,
which is that of the System (E,,,) plus that of the surround-
ings (E,,,), is conserved during this stage, AE*=0, where
by definition E*=total energy, AE*= AE, +AE,,, =0,
AE,,=AU+AKE+APE, and AE,,,=p,AV, . In the defi-
nition KE is the kinetic energy, PE is the potential energy,
and poAV;, is the final state pressure times the volume
change of the system. Since the work potential is defined as
—AU, the maximum work potential is given by
AW, = AKE+APE+pyAV;,,. This maximum work ex-
pression takes into consideration that the internal energy
partitioning into kinetic, potential, and expansion forms is
not known, so it gives the maximum when in fact it is only
the kinetic form that is readily observable during eruptions.

The system of the isothermal case consists of a mixture
(mix) of magma and water, and the change in internal ener-
gy of this system (—AU,,,) during expansion is the system
work, which can be calculated as the sum of the changes
in AU for the water and the magma: AW, =—AU,,;,=
—A@m,U,+m,U,). To evaluate the preceding equation,
some arithmetic and some information from the steam
tables can be used.

For the adiabatic case where the vapor separates from
the pyroclasts prior to expansion, the thermal energy of the
pyroclasts does not contribute and the vapor expands isen-
tropically. The expansion calculation for this adiabatic case
is straightforward and AW, (adiabatic) is simply —
A(m,U,). For most explosive volcanic eruptions, vapor
expansion is probably intermediate between isothermal
and adiabatic. However, as pointed out by Self et al. (1979),
the Strombolian endmember activity of hydrovolcanism is
nearly adiabatic. Here, an example for the isothermal case
is shown; the adiabatic case can be found in many introduc-
tory fluid mechanics texts. In this example analysis of ex-
pansion work is shown for both saturated and superheated
steam.

Saturated state. Within the two-phase (liquid and vapor)
region of the water phase diagram, the thermodynamic state
for the mixture is

Tmzxdsmzx =dhmix'—Vmixd mix

where V is specific volume, the mixture enthalpy, A,,,, is
.defined as '

Ponie=(m,, Cp THX Mty 41, Co Dl +m,), (@)
and C, is the constant pressure specific heat (w=water,
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m=magmay}, x is the mass fraction steam, and A,, is the en-
thalpy required to convert saturated liquid water to saturat-
ed vapor. In order to find the steam mass fraction after the
expansion, differentiate Eq. (4) to extrapolate values:

b = (m,,C,,+m,,C,,)dT+m,h,dx
mix ™ m,+m,,

®

A simplified, ideal equation of state expression for the mix-
ture volume is

Vmix=(x m, va)/(mw +mm)=[(x R T)/P] [mw/(mw+mm)]a (6)

where V,,, is water vapor specific volume and R is the gas
constant (461.51 J kg—' K™!). From the Clausius-
Clapeyron relation find that

dpmix=(dp/d7)sat. vapor and dp:(p hlv dT)/(R T2) (7)

The final mass fraction of steam, x,, for this adiabatic,
isentropic expansion can be found since the change in mix-
ture enthalpy equals the volume of mixture times its change
in pressure. So from Egs. (4) through (7):

(m,,Cp,+m,C,,) dT/T—m }, d(x/T)=0.

This expression can be integrated between the equilibrium
(e) and final states (2) and rearranged to give x,:

xy= Tz[ﬁ + M ContmuCp) <£>] ()

Te mwh 12 TZ

Superheated state. Now consider expansion of the water in
a superheated state, first by defining the change in mixture
enthalpy as:

(m,,C,,+m,,C,,)dT
= m,+m,,

, M

where C,,is the specific heat of the water vapor at constant
pressure. Since x=1.0, the mixture volume is

Again using the Clausius-Clapeyron relation, find that
AP pmix =0Pygpor - (1)

So by assuming that the change in mixture enthalpy equals
the change in the vapor pressure times the mixture volume,
one obtains from Eqgs. (9) through (11):

(m,C,+m,C,,)dT _dp

—_— =

m,R T »p
which can be integrated from the saturated vapor state
(x=1) or superheated state to the final superheated state to
give the final temperature, T;:

L=T(p,/p)"¥ (12)

where f=(m,,C,,+m,C,,)/m, R, and T and p are taken at
the equilibrium state or that point on the saturation curve
(T) where the expansion passes from the two-phase
region to the vapor region.
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Calculation of the expansion work

Depending upon the amount of water contacting magma,
the equilibrium state produced during the initial mixing
may be at a pressure and temperature ranging from sub- to
supercritical conditions. Accordingly, the expansion stage
may take the water through one of several thermodynamic
pathways within either or both of the saturated (two-phase)
and superheated (vapor-phase) regions. The actual path-
way involved for any one system is strongly a function of the
water-melt mass ratio because it determines the equilibri-
um state for an idealized system. Four pathways are shown
in Fig. 1, a temperature-entropy diagram for water, where
the equilibrium states () and final states (2) are shown. Of
the four pathways, path 1 (entirely in the saturated region),
path 2 (saturated to superheated), and path 4 (supercritical
and superheated) can be quantified as to work potential
from the above equations. For path 3 (superheated to satu-
rated), point ¢’ must be found where the path crosses from
the superecritical (superheated) to the saturated region left
or right of the critical point (Fig. 1). This path can be calcu-
lated as a combination of paths 1 and 4 with x=0 for cross-
ing on the left side and x=1 for the right side of the critical
point. Note that for the right side of the critical point ¢’
must satisfy the condition given in Eq. (12). Diagrams from
Kieffer and Delany (1979) are helpful in this analysis.

As an example, consider point d (Fig. 1) where path 2
crosses from the saturated to the superheated region during
some hypothetical expansion. The system work is evaluat-
ed by:

AW,y =—AU=—A(m, U, +m,U,)=
mw[va( Te_Td) +xe(hlv_p Vlv)e—x2(hlv_p Vlv)Z] +
My Con( T—T)+(m,C,,+m,C,,) (T,—T,),

MIXTURE EXPANSION
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Fig, 1. Temperature versus entropy diagram for water in the isothermal
case where the mixture of water and pyroclasts isentropically expands.
Four possible pathways are shown,; see text for description (2@=vapor and
liquid). Note that for the mixture expansion, vapor entropy always in-
creases for the isothermal case, which can be contrasted to the adia-
batic case, not shown here, in which vapor expands isentropically
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where 7, is the temperature for x=1, C,, is the specific
heat of water vapor at constant volume, and the subscripts
lv designate values for the phase change. Now the efficien-
¢y, defined as the system work divided by the magma’s ther-
mal energy, is often termed the conversion ratio (CR), be-
cause it includes not only the amount of heat energy con-
verted to kinetic energy but also the amount of the potential
energy and p,AV in the system:

AW,

Efficiency=CR =————> =
4 M0 Col(Tu—Tr)
AKE+APE+p AV, , )
m, Cm(Tm_T ref)

where the denominators represent the thermal energy of
the magma, using 298 K as a reference temperature. This
efficiency or conversion ratio of thermal energy to mechan-
ical work is a convenient number by which to express a vol-
cano’s explosive energy where the erupted volume is
known and an approximate mass fraction of water involved
can be estimated. In the event that the water mass fraction
cannot be easily estimated, as is generally the case for
many volcanic systems, one can use deposit characteristics,
such as grain size (reviewed by Sheridan and Wohletz
1983), as an estimate of the water-magma mass ratio.

For any melt-water explosion it is likely that only a
small percentage (10% or less) of the magma’s heat gets
converted to explosive energy, because mixing of the mag-
ma and water does not achieve the state of completeness re-
quired by the ideal model given above. If mixing did reach
the theoretical limits for complete thermal equilibrium,
which requires melt fragmentation to approximately 1 pm
(Wohletz 1983a), one would expect deposits to be uniform-
ly extremely fine grained with all juvenile particles several
micrometers or less in diameter. Although some
phreatomagmatic deposits exhibit strong fragmentation
with median diameters in the range of several tens of
micrometers, most finer material is carried to distal locali-
ties in atmospheric suspension. In that case, it is difficult
to determine what portion of magma achieved complete
fragmentation and thermal equilibrium with external
water. The typically polymodal, log-normal size distribu-
tion of phreatomagmatic deposits is a measure of what por-
tion of erupted magma experienced intimate mixing and
approached thermal equilibrium with external water.

In conclusion to this section, Fig. 2 illustrates some
results of the above thermodynamic calculation for a con-
stant ambient pressure expansion of an isentropic mixture
of magma fragments and steam (isothermal case). If the
steam quickly separates from the magma fragments and
thermal equilibrium between the pyroclasts and steam is
not maintained during the isentropic expansion, then
smaller efficiencies are reached (adiabatic case). As was
mentioned earlier, most hydrovolcanic explosions proba-
bly exhibit behavior in between adiabatic and isothermal.
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IDEAL THERMODYNAMIC MODEL

r . . r . r
BASALT 1473 K
Cp= 1kd/kg-K

WATER 298 K
Cp= 4.2kl I kg-K

Thermal equilibrium during expansion
(Isentropic mixture - isothermal case)

0.50-

Steam - magma segregation during expansion
(Isentropic water vapor — adiabatic case) h

"EFFICIENCY” (EXPANSION WORK/MAGMA THERMAL ENERGY)

Superheated | Saturated e
I E Steam Expangion @~ ===00@0 T —=— e - - 4
i " 1 n i i n
0 1.0 2.0
R'( M water )
™M magma

Fig. 2. Results of the thermodynamic calculation show the dependence of
thermodynamic efficiency upon R* the mass ratio of water to magma. Two
curves are shown, one for the isothermal case and the other for the adiabat-
ic case. Those pathways shown in Fig. 1 that are predominantly in the 2¢
region will result in saturated or wet steam production

In ballistic ejection, pyroclasts quickly separate from en-
closing steam, but in surge transport steam moves along
with the pyroclasts. In the surge case, much of the steam
may segregate from the surge, rising above it, leaving dry
deposits that exhibit only small amounts of condensed
vapor. On the other hand, much steam may condense dur-
ing transport in surges, resulting in wet deposits. Hence, in
addition to the initial mass ratio of water and magma,
which determines the theoretical efficiency, the mode of
expansion and tephra transport determines whether the
adiabatic or isothermal maximum is approached. The aim
of field work is to evaluate the water-magma ratio and prob-
able mode of tephra transport so that relative explosive
potentials can be constrained. Note that in the case where
depositional stages of the eruption are considered, the “to-
tal work” done by the explosion is integrated over many se-
conds. Comparison of instantanecous explosive energy
should involve the time derivative of energy, which is
power.

Mechanisms of magma-water mixing and explosion

A qualitative discussion of the mechanisms by which mag-
ma and external water intimately mix, resulting in the
large-scale heat exchange discussed above, has been given
by Wohletz (1983a). Although there are numerous mixing
models described in literature, recent work points to just
two theories that satisfactorily explain most explosions that
occur during the contact of a hot fluid with a cold one (fuel-
coolant interaction, FCI). FCI is such a general physical
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process that it includes phenomena ranging from passive
quenching, permitted by insulating steam envelopes, to
dynamic explosions resulting from instability of film
boiling interfaces. The theories for explosive behavior
are the spontaneous nucleation (superheating) model and
the thermal detonation model. Both models require that a
period of film boiling should occur prior to explosion. Film
boiling permits two processes to occur simultaneously:
partial thermal insulation of the molten magma from the
water, and gradual fragmentation and mixing of the magma
with water by the instabilities arising from film boiling.
With the increased area of heat transfer caused by mixing,
rapid vaporization and explosion occur according to theory
if (1) water is superheated to the temperature of spontane-
ous (homogeneous) vapor nucleation; or (2) an externally
generated pressure wave (trigger) propagates with suffi-
cient strength to cause fine fragmentation and collapse of
insulating film barriers around fragments, resulting in
rapid heat transfer and vapor production. The following
discussions attempt to illustrate somewhat quantitatively
the basic features of these two mechanisms.

Superheating

The superheat limit case (Fauske 1973) requires that during
the contact of hot magma with water, the interface contact
temperature (7)) be above the spontaneous nucleation tem-
perature (Tgy) of the water. Heterogeneous boiling in pure
water occurs at any given pressure below the critical point
when the temperature is above the equilibrium boiling tem-
perature (373 K at sea level and increasing to 647 K as pres-
sure increases to critical values near 22.0 MPa). The effect
of dissolved solids, such as that found in sea water, can in-
crease the pressure and temperature of critical behavior
(e. g. to nearly 40 MPa and 720 K as NaCl concentration
approaches 5 wt.% in water; Sourirajan and Kennedy
1962). Superheating refers to a metastable thermodynamic
state where, for this case, water remains in the liquid state
above its boiling temperature for any given pressure. In this
condition, any one of many different physical or chemical
disturbances can trigger water to flash into steam. For ex-
ample, the sharp jarring of a body of metastable water by
a moderate-to-high-frequency seismic wave might cause
localized entropy changes of sufficient rapidity to initiate a
nucleate boiling front that propagates as a vaporization
wave. Even without external triggers, superheating can
only progress to a maximum temperature, Tgy, before
spontaneous vaporization occurs by homogeneous boiling.
This case of vapor explosion is to be expected when water
is heated so rapidly that it reaches Ty before external trig-
gers cause vaporization.

The limiting case for vapor explosion can be easily cal-
culated: T;> T, where:

_ Lle/(0)”]+T, [l ()",

2
" @) P+l (0™, @
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and T = temperature, o =thermal conductivity, x=
thermal diffusivity («/C,, where C, is the heat capacity at
constant volume), m = molten material, and w = water.
For basalt at 1473 K, a,,=2.1Jm™ s~ K™, and for water
at 298 K, ,, =061 J m™ s~ K™'; the SI value of o/(x)"?
for the basalt is about 2297, and it is 1596 for water;
these conditions set T; at about 990 K. The spontaneous
nucleation temperature, Tgy (Fig. 3), is given by the kinet-
ic theory rate equation (Frenkel 1946): J=Z exp
(—W./k,T), where Tgy occurs at T satisfying the con-
dition:

dJAT = 105 = (Z Wik, T?) exp(—W,/k,T).

For the rate equation J=rate of bubble nucleation per unit
area, Z is a constant characterizing the molecular collision
rate per unit volume (about 10 m™> s™! for water),
k,=Boltzmann’s constant (56697 X 10~ W m—2K~*), and
W, is the reversible work of equilibrium bubble formation
in the liquid, which is W,=16 = ¢°/3(p,—p)?, where
og=surface tension of the pure liquid, and p, and p, are the
vapor and liquid pressures respectively. The bubble work
function is dependent upon the contact wetting angle,
which is important for impure liquids and results in some-
what lower values of Tgy. For water, the highest value of
superheating attained in the laboratory is around 563 K,
which is about 20 K less than that predicted by the rate
equation, but this value theoretically increases with pres-
sure towards that of the critical point (Reid 1976). For most
experimental conditions Tgy= 570 K. Results for Eq. (14)
show that the requirement of superheating is easily met
for the initial conditions of basalt-water contact. Note that
the wetting angle may be less on liquid magma surfaces
than on those of solidified magma.

SUPERHEATING LIMIT
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Fig. 3. Illustration of the superheating limit criteria for vapor explosion.
As the interface temperature approaches that of the spontaneous nuclea-
tion temperature Tgy,, the vapor bubble nucleation rate increases ex-
ponentially to the point at which vapor production occurs at explosive
rates
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Experiments on FCIs (Buxton and Benedict 1979; Nel-
son and Duda 1981; Froehlich et al. 1976) have shown that
once a vapor film has formed by coalescence of many small
bubbles at the melt-water interface, the film oscillatés in
thickness. The oscillating film may remain hydrodynami-
cally stable and serve as insulation between the liquid water
and magma. Hence the two phases may remain in contact
without explosive heat transfer while coarse mixing oc-
curs. The oscillations can occur rapidly on a microsecond
to millisecond scale, and as more heat energy is transferred
to the film, the density differences among the film, liquid
water, and melt become sufficient to cause growth of fluid
instabilities. These instabilities can effectively cause the
magma and water to intimately mix, forming a slurry. If
this type of bulk mixing occurs before the superheat limit
is achieved, large volumes of magma and water can con-
tribute to explosions. On the other hand, if the superheat
limit is reached prior to instability-driven mixing, explo-
sions may occur at interfaces, involving only limited
volumes of magma and water.

Several instability types are considered to be important
in bulk mixing of magma and water. The Landau instability
(Shepherd and Sturtevant 1982; Sturtevant and Frost 1984)
occurs during the bubble film growth phase. Vorticity
produced at the vapor-liquid interface by evaporation
causes roughening of that interface to the point where the
liquid becomes fragmented. The Taylor instability (Cor-
radini 1981a) grows during collapse of the film because of
the large acceleration normal to the melt-water interface;
this instability also can distort and fragment the melt sur-
face. The result of interfacial roughening and tearing is
production of melt particles where the amplitude of the in-
stability has exceeded the amount allowed by the melt’s sur-
face tension. The Kelvin-Helmholtz instability (Berman
1984; Berenson 1961) produces similar results if accelera-
tions of the water are parallel to the magma interface.
However, growth of the Kelvin-Helmholtz instability is im-
portant mainly for systems where there are small density
differences and may not be important except for strongly
vesiculated magma. Although growth of these instabilities
is limited by the time scale of vapor oscillation, many ex-
perimental studies show that they do occur rapidly enough
effectively to mix large volumes of melt and water prior to
explosion.

Of these instability types the Taylor mechanism is
perhaps the best studied, and it serves to illustrate the idea
of fluid instability mixing (Fig. 4). From solution of the
momentum equation (Bellman and Pennington 1954), the
Taylor instability can be shown to grow with time, ¢, as in
the case of a planar contact of incompressible fluids where
the contact is initially perturbed: » =cosh (nt), in which

"_[a(QM_QW)k O'k3 ]”2
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and 7 is the instability amplitude, a is the acceleration of
nearly incompressible water (and condensing vapor film)
towards the melt surface during film collapse phases (100
g<a<1000 g for analogous systems; Corradini 1978), Pis

the density of the water (w) and melt (m), k is the instability .

wave number (27/wavelength), and o is the melt surface
tensxon (6=0.35 N m™" for basalt melts of p,,=2.7 x10°
kg m™>; Williams and McBirney 1979). However, for an
initial disturbance to grow in amplitude without damping
out, its wavelength A, must be greater than a critical value,
)‘crtt

2n c 12
;Lcrit l:k jl 2n|:a(g —0 :| .
crit m w

A whole spectruni of possible A may grow, but the fastest
growing one (inviscid case), A, is given by:

2n 3¢ - |2
A= —— |=20] ——— | =3"1..
max [kmax:l zn[a(gm_ QW)] 3 crit (15)

Since A, forms most quickly, magma fragments result-
ing from it will be more abundant than those resulting from
other wavelengths. For the case of explosive mixing of
magma with water, A,,,/2 can be considered as approxi-
mately the median grain diameter of tephra produced. This
type of fragmentation may be expected to produce irregu-
lar, bulbous, mossy, and nearly spherical clast shapes

waves that can grow until they detach to
form small fragments

(Types 3 and 4 of Wohletz 1983a). The characteristic
growth time, 7, of the Taylor instability can be calculated
by.
3 1/2 1/2
[ (39)'” (o ' )—| , 16)
Pypax [a (Qm - Qw)]
so that A,/ is a measure of average speed by which this
mixing phenomenon may propagate from the initial contact
surface towards the interior of an extfuding mass. A similar
set of relationships can be derived for the Kelvin-
Helmholtz instability (Chandrasekhar 1968) in which the
relative velocity of the water to the melt is considered in
place of acceleration.

Equations (15) and (16) have proved to be useful in
predicting particle size and mixing times for experimental
melt-water interactions (Corradini 1978; Berman 1983). In
predicting thermite-water interactions, the calculated mean
particle diameters (A,,,/2) are smaller than several mil-
limeters, and instability growth occurs in characteristic
times less than several milliseconds. These calculations
agree well with experimental results. As a simple applica-
tion to a geologic example, consider a 10-m-wide dike in-
truding near-surface, water-saturated sediments. Individu-
al hydromagmatic explosions are predicted to produce ash-
to lapilli-sized fragments, and to show explosive pulses
lasting up to several seconds or more, the time needed for
the mixing to occur.

Bellman and Pennington (1954) investigated the effects
of surface tension and viscosity on the Taylor instability.
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Surface tension controls the size of fastest growing
wavelengths (Eq. (15)), and since laboratory-measured sur-
face tensions decrease with increasing silica content of la-
vas (Williams and McBirney 1979), one might expect thyo-
litic hydrovolcanic products generally to be finer grained
than their basaltic counterparts, which is a trend noted by
Sheridan and Wohletz (1983). Viscosity, on the other hand,
reduces the growth rate of the instability. Hence, for strong
interaction with water to occur, viscous magmas require
longer mixing times than fluid ones. So itis, therefore, log-
ical to conclude that when all other factors such as
vesicularity and vent size are equal, rhyolites are less prone
than basalts to interact explosively with water.

Of the instability mechanisms that promote superheat
vapor explosions, the Landau instability (Shepherd and
Sturtevant 1982) may best fit experimental observations be-
cause it not only promotes large heat transfer rates but also
describes the large mass fluxes observed for many FCls.
The Landau mechanism requires geometrical constraints
that determine whether mass fluxes and accelerations in a
melt-water system are susceptible to instability growth. For
this reason, modeling of the Landau instability allows
prediction of those interaction situations most likely to be
explosive. However, the details of applying this mechanism
have yet to be fully developed in a general manner.

An important aspect of superheat vaporization, the sup-
pression of bubble growth by pressure, is predicted by a
form of the Rayleigh bubble-growth equation:

du 1[0 =pum) 3 2]
dt r 0 277

where the outward acceleration of a bubble surface du/dz
depends upon the bubble radius 7, with pyand p,,,; being
the vapor pressure and ambient pressure respectively, and
pthe liquid density. Predictions based upon the above con-
sideration put the pressure threshold for spontaneous
nucleation at about 1.3 MPa (Henry and Miyazaki 1978).
Above that pressure superheating vapor explosions are
supposed to be improbable. This limit is equivalent to
about 50 to 100 m depth of bural (130 m depth in sea water)
for basalt-water interactions. Sturtevant and Frost (1984)
show that the pressure suppression effect is especially true
for the Landau instability. It seems clear that other process-
es must play a role for explosions to initiate at greater
depths.

The drawback to the spontaneous nucleation (su-
perheating) model is that it does not strictly fit experimen-
tal data at higher pressures. Volcano experiments (Wohletz
and McQueen 1984) have shown that violent FCI explo-
sions occur at confining pressures greater than 35 MPa.
Since the scaling relationships for FCIs are incompletely
understood, there is yet a strong possibility that scale may
be critically important in determining the type of fluid in-
stability that may evolve at the fuel-coolant interface. Small

253

(<1kg) interactions appear to be limited to a superheating
type of interaction (Taylor and Landau instabilities)
whereas large ones (i. e. volcanic) may support a “‘detona-
tion” type of interaction. This consideration has led other
workers (e. g. Board etal. 1975; Patel and Theofanous 1978;
Condiff 1982) to consider that this mechanism may cause
explosions in fuel-coolant systems at higher ambient pres-
sures, as is discussed in the following section.

Thermal detonation

Unlike chemical detonations, which are gas-evolving
chemical reactions driven at high pressure and high tem-
perature by a propagating shock wave, a thermal detonation
only entails rapid vaporization of a liquid behind a
propagating shock. Thermal detonation has been called
“polymorphic detonation, referring to rapid phase change
(Rabie et al. 1979; Fowles 1979). The analysis of this
mechanism requires the assumption that fragmentation and
intermixing of the melt with the water are not controlled by
vapor bubble nucleation but rather by the rapidly changing
pressure-volume conditions existing across a shock wave
moving through the melt-water mixture (Fig. 5). In this
model, an externally generated sheck wave causes a
differential acceleration of melt particles relative to the
water. This acceleration has been found, based upon shock
tube experiments on melt-water systems (Sharon and
Bankoff 1981), to cause breakup of the melt into finer parti-
cles with rapid thermal equilibration occurring in the ex-
panding region behind the shock. If the vapor expansion
caused by thermal equilibration of finely divided melt par-
ticles surrounded by water is great enough to produce parti-
cle velocities satisfying the Chapman-Jouguet (C-J) con-
dition (a thermodynamic state in which resulting
hydrodynamics are those of detonation; Courant and
Friedrichs 1948), the shock wave will be sustained. In or-
der to meet the requirements of the C-J condition, the melt
breakup time (#,) must be shorter than the time needed for
velocity equilibration, 7, (the point at which melt particles
and water have reached the same velocity). This require-
ment has been found to be adequately expressed as a func-
tion of the Bond number (Bo).

/ __31)&._443 —1/4 1 17
W S (oo 0 S a

This equation, derived by Fauske (1977), has been modi-
fied in a manner similar to that suggested by Bankoff and
Jo (1976) so that it includes the water-to-melt mass ratio ef-
fect, X. The coefficient of drag (C,) on melt particles sus-
pended in water has been assumed to be about 2, but Fauske
(1977) showed that for numerous particles closely packed in
a matrix of water, C, is more realistically about 68. This
variation of C, can be accounted for by X, a function of
water-to-melt ratio. For work with experimental volcano
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systems, it has been useful to empirically fit X to experi-
mental results:

X=(0.1 R%,/R¥ [exp (AR)]

where R* and R*,, are the water-to-melt mass ratio and op-
timum observed explosive ratios respectively, and AR* is
the absolute value of RX* —R* (Wohletz and McQueen
1984). With this expression, one can make some predic-
tions about the explosive potential of magma-water
systems.

Rewriting Eq. (17) with appropriate density values and
X, a simple dimensionless expression is obtained,

280 XBo " < 1,

for a “detonation’” model for phreatomagmatic explosions.
The Bond number, a measure of the tendency of a fluid to
break up during acceleration, is 3/8 the product of the
coefficient of drag (C,) and the Weber number (a ratio of
inertial forces to surface tension forces). The Bond number
is given by:

3p, ure12 ro C (18)
8¢
where u,,, is the melt-water relative velocity caused by

passage of the shock, 7, is the initial melt particle radius,
and ¢ is the melt surface tension. u,, is determined by

Bo=

detonation. The inset box shows an ex-
panded view of conditions across the
shock wave where u, is the shock veloci-
ty, u,, is the water velocity, and u,, is
the magma fragment velocity. Where
u,,=u,—u, reaches a large enough
magnitude, magma breakup by processes
such as boundary layer stripping and Tay-
lor instability may result in large heat
transfer rates

o Boundary layer stripping

o Taylor instability
(film collapse)

mass and momentum conservation across the shock, as-
suming Rankine-Hugoniot conditions and knowing initial
Pinir and V,,,;, of the mixture and the p and V of the shocked
material. For detonation u,,; is found for the p and v at the
C-J plane where the velocity of the material leaving the
shock front is just sonic with respect to the front (a neces-
sary requirement for a stable, self-sustaining explosion;
Landau and Lifshitz 1959):

U1 =[@cr—Pinit) Vini—V )] 2,
Board et al. (1975) estimated u,,, = 100 m/s~'. Corradini
(1981b) estimated Uy S urel=(p_p 0)/ chw“‘(P—'Po)/ Pl
For volcano experiments, p,=1X10’ kg/m®,
¢, =1.5x10° m/s, p, =4 x 10> kg/m®, and c,, =5 X 10° m/s.
These conditions allow prediction of u,,; at about 60 m/s
for satisfaction of the C-J requirements of p =100 MPa for
Po=0.1 MPa. Increasing p, (decreasing V;,;;) increases the
value of pressure at the C-J plane, which can decrease the
likelihood of attaining detonation. These values also agree
with Drumheller’s (1979) numerical calculations based
upon collapse of a vapor film around a molten metal drop.
If relative velocities produced are lower than the =60 m/s
needed to sustain detonation, then the explosion will be
quickly damped. Accordingly a critical Bond number must
be exceeded by the system in order to maintain a detonation
where:

Bo,;,= [Pe—Po)Pcl

3X
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as empirically determined from volcano experiments
where p; is taken at 100 MPa. Thus the mass ratio and am-
bient pressure effects have been included to fit experimen-
tal data and the relative velocity can be calculated:

Upet= (8 oB: Ocrit/ 3 Pl Ocd) v

19)
from the definition of Bo given in Eq. (18). The radius r; of
melt particles caused by the shock breakup is approximated
from data as:

r =8 olp, u,,2) 10°AR% (20)

Figure 6 illustrates for various mass ratios the calculated
u,,; and r, showing the threshold for detonation at mass ra-
tios greater than 0.2 and less than or equal to about 4.0 at

Po=0.1 MPa. The limiting effect of increased ambient:
pressure also shown in Fig. 6 indicates that detonating-in-

teraction is not likely to occur much above a p, of 50 MPa
(500 bars). Without considering the mass ratio effect,
Fauske (1977) argued that very large r, values (r,>10 m)
are needed to satisfy the Bo,,; of 10*cited by Board et al.
(1975) as necessary for C-J conditions to exist in melt-water
systems. Irrespective of the mass ratio arguments shown
above, volcanic systems can satisfy detonation require-
ments, whereas smaller single 1-gram-drop laboratory ex-
periments may not.
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Discussion of thermodynamic and hydrodynamic models

The above discussions illustrate some quantitative ap-
proaches to understanding the hydromagmatic explosion
mechanism. The detailed description of how water and
magma mix and explosively interact will certainly change
as more is learned about this problem. Considerations of
thermodynamics and mixing mechanisms place some con-
straint on the interpretation of important field parameters.
For example, partitioning of the magma thermal energy
into kinetic energy of ejection can be described by basic
thermodynamic principles, which allows us to make some
judgment on the potential danger of a given eruption. The
hydrodynamics of magma fragmentation by explosive con-
tact with water also place constraints on particle sizes
produced and depth of interaction. Together, these descrip-
tions facilitate intepretation of field measurement of tephra
deposit thicknesses, bed forms, and grain sizes (shown
above) and judgment of emplacement wetness.

Consider the limitations and weaknesses of the
hydrodynamic models: for the superheating (spontaneous
nucleation) explanation, superheating is not clearly ob-
served in experiments; no criteria are included for the mass
ratio effects; vapor explosions have been experimentally
observed for situations in which 7; was not greater than
Ty and for others in which T; was much greater than T,,,;
the suppression effect of increased ambient pressure
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has not been clearly documented (vapor explosions can be
triggered at much higher pressures than supposed suppres-
sion limits); and the effect of varying melt rheology and
crystallization is poorly understood. For the thermal deto-
nation model, although it appears to be experimentally
verified, a large trigger (pressure wave) might be required
to initiate the event; the actual mechanism by which frag-
mentation is achieved behind the shock is poorly under-
stood; the theory of a Chapman-Jouguet detonation wave
was developed for single-phase, chemical reactions; shock
waves in two-phase flow are not well understood; and the
dispersion effect that a heterogeneous mixture has upon a
shock wave together with lateral slip velocities behind the
shock may prevent attainment of detonation.

The geometry of the initial contact between magma and
water will not be discussed in detail. This important con-
sideration covers aspects such as dike intrusions, spilling of
lava on the bottom of a body of water, enlargement of a
region of subsurface magma-water interaction by explosive
excavations, and entrapment of water in a lava tube. The
contact area that results from various geometries and varia-
tion of its size with time can be modeled by close observa-
tion of available geologic exposures in vent areas. This ex-
ercise is especially rewarding in eroded vent localities.
Kokelaar (1982) shows some examples for intrusive bodies,
Wohletz and McQueen (1984) give an example for dike in-
trusion of wet sediments, and Froelich et al. (1978) describe
experiments of water entrapment in molten metals.

Melt granulation by thermal stress resulting from
quenching (Carlisle 1963) has not been discussed because
present research into FCIs indicates that it does not greatly
contribute to large vapor explosions (Ladisch 1977).
However, where quenching does create stresses large
enough to initiate large explosions, the process may pro-
ceed as a thermal detonation, which may produce angular,
blocky particles. Quenching may transmit added heat ener-
gy to water over small temperature changes because of the
finite fusion enthalpy of some melts. One of the perhaps
more interesting applications of the calculations presented
here is for predicting the stress required to fracture lavas.
Fisher (1948) shows that for fluid liquids, fracture occurs
by bubble nucleation when a negative pressure pulse ex-
ceeds the equilibrium vapor pressure of the fluid. A form
of the bubble formation and work equations shown above
can be applied in this analysis where dissolved volatiles are
present in the melt (see Burnham 1983). For failure of vis-
cous liquid by nucleation and propagation of cracks, Fisher
(1948) also uses a nucleation and work equation for predic-
tion of fracture stress. Surface tension is the dominant
material property for fluid fracture, but for viscous fracture
Young’s Modulus and Poisson’s Ratio are also necessary
for analysis. So, depending upon the degree of magma
cooling before fragmentation, either brittle, curviplanar
fracturing or vesicular fragmentation may dominate clast
morphology. Glass near the transition temperature from
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liquid to solid behavior may fracture by both mechanisms
(provided there is a volatile material in the glass) when sub-
jected to strong pressure waves propagated from regions
where vapor explosions occur.

The problem of the depth at which water and magma ex-
plosively interact was well documented by Heiken (1971).
Data from Pike and Clow (1981) plotted in Fig. 7 show
crater depths of tuff rings and tuff cones, measured over
much of the earth’s surface from satellite imagery (Crowe
et al. 1985). Assuming that the crater floor of these land-
forms is an indication of the level of steam explosion (Self
etal. 1980), one finds that the mean depth of explosion for
the cases considered is about 91 £:67 m, and that the maxi-
mum depth is nearly 400 m, roughly equivalent to about 9.8
MPa of initial overburden pressure (p=2.5 x 10° kg/m®).
One might conclude that confining pressure is an important
limit to explosive water-magma interaction. However, it
appears possible, based on the detonation model, that the
intermixing of ground water with magma can lead to explo-
sions and that the actual depth of explosion is limited only
by the strength of the surrounding country rock. This latter
concept is supported by the analysis of eruptions at
Vesuvius (Sheridan et al. 1981) where the aquifer depth is
as deep as 5 km (120 MPa overburden pressure). The re-
quirement, though, for deep explosion is that a triggering
agent is necessary such as a strong earthquake or failure of
the vent overburden (e. g. Mount St. Helens on 18 May
1980).

Assuming the validity of the magma-water interaction
models outlined above, a two-stage explosion sequence
may be the best explanation for hydrovolcanic explosions
where an obvious trigger is lacking. The two stages are: (1)
strong superheating (spontaneous nucleation vaporization)
initiates at the top of the magma column where am-
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bient pressure is less than the suppression limit (a still
largely theoretical value); (2) downward propagation of
strong pressure waves from stage 1 promotes thermal deto-
nation of the magma-water mixture at depth.

There is good evidence from oxygen isotope analyses of
erupted materials (Lipman and Friedman 1975; Hildreth et
al. 1984) that intermixing of meteoric water can occur at
deep levels in the magma conduit system. The hypothesis
that vaporization at the limit of superheating might develop
pressure waves of sufficient amplitude to trigger detonation
is supported by the work of Shepherd and Sturtevant (1982).
Their evaluation of the Landau instability, based on ex-
perimental and theoretical results, shows that the maxi-
mum far-field pressure developed by evaporative flux
caused by the instability is given by: p,..=dp/dt (),
where dp/dt was measured at 1.4 x 10> MPa/s, and ¢ was
measured to be equal to 10°7 (¢ in s and 7 is the pre-
expanded vapor film thickness in millimeters). A C-J state
pressure of 10> MPa then requires a layer of water at the
superheat limit of about 10 m thickness, which fits within
limits considered possible by Bennett (1974) for water-
magma mixes during submarine hydrovolcanic explosions.
Furthermore, the harmonic tremor often recorded during
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eruption might be explained by the development of fluid in-
stabilities occurring during boiling heat transfer from the
magma to ground water along the margins of an intrusion
(analogous to seismic tremor reported by Kieffer 1984).
Landau and Taylor instabilities are well known to occur
during initial stages of film boiling (Berenson 1961). A
further discussion of instabilities will not be given here, but
if film boiling proceeds at maximum heat flux, seismic
waves of an appropriate frequency (1 to 10 Hz; McNutt
1985) may explain some types of harmonic tremor and
initial triggering of strong melt-water intermixing at depth.

Hllustration of some analytical techniques for field study

Using the general model for explosive hydromagmatic
eruptions described above, a field example is given to illus-
trate how geological data can be applied to support and de-
velop the hypothesis for water-magma interaction for a par-
ticular volcano. This example entails stratigraphic descrip-
tion and sample analysis of a scoria cone near Lathrop
Wells, Nevada. The cone, as described later, is interpreted
to display a history of initial hydromagmatic activity,

LATHROP WELLS SCORIA CONE STRATIGRAPHY
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Fig. 8. Stratigraphic columnar section
for the Lathrop Wells scoria cone shown
schematically with an approximate scale
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producing a tuff ring, followed by drier, Strombolian
eruptions interspersed with sporadic pulses of fine-ash-
producing, wet explosions. A similar case of Strombolian
and intermittent phreatomagmatic activity has been exten-
sively documented by Houghton and Hacket (1984).

Recently, methods of analyzing volcanic ash have in-
corporated particle size and component analyses as well as
scanning electron microscopy (SEM) techniques (e. g.
Walker and Croasdale 1971; Heiken 1972, 1974; Houghton
and Hacket 1984). Wohletz (1983a, b) demonstrated the
correlations of grain size distribution, shape, and surface
chemistry data obtained by energy dispersive spectral
(EDS) analysis with eruption energy and mechanism of
particle formation.

Eleven tephra samples were obtained from the Lathrop
Wells cone and represent early to late stage eruption
products. The stratigraphic column with sampled intervals
(Fig. 8) distinguishes three sample types corresponding to

LATHROP WELLS TEPHRA
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Fig. 9. Plot of Inman (1952) sorting coefficient versus median diameter
showing the plotted fields of scoria, fine ash, and surge samples
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(1) finely bedded layers of pyroclastic surge bed form, (2)
massive, poorly bedded to nonbedded scoria layers, and (3)
fine ash layers intercalated with the scoria layers. Samples
were sequentially subjected to size, petrographic, SEM,
and EDS analysis as described below. Results are shown
graphically and indicate intermittent hydrovolcanic explo-
sions during the early phases of eruptive activity.

Particle size

Samples were sieved at 1/2 ¢ [¢p=-log, (diam. in mm)] in-
tervals from —3 ¢ (8 mm) to 4.5 ¢ (0.44 mm) with a stan-
dard Tyler sieve set. The contents of each sieve were
weighed to 0.1 g accuracy and were saved for later petro-
graphic analysis. Figure 9 is a plot of the Inman (1952) sort-
ing coefficient (64) versus median diameter (Md). Three
fields are outlined in Fig. 9, showing the range of
parameters for the three sample types mentioned above.
“Surge”” samples are the finest grained and best sorted;
scoria samples are uniformly coarse grained and moderate-
ly sorted; and fine ash layers show a wide variation in medi-
an diameter and sorting, intermediate in values compared
to those of the other two sample types. -

Figure 10 is a plot of Md,, and wt. % ash finer than 1.0
mm versus the stratigraphic sequence of samples. In this
plot and subsequent ones of this type, values are weighted
by the thickness of the sampled interval. Hence samples
from thin stratigraphic intervals have values plotted as
spikes, showing sharp discontinuities in the overall
character.

Constituent analysis

The basaltic tephra at Lathrop Wells consists of basaltic
glass, crystal fragments, and lithic clasts from underlying

WT. % ASH AND MEDIAN DIAMETER vs TIME-STRATIGRAPHY

2r 4100
—90
i/ Hydrovolcanic
1F Pulses 480
/ 470
Md g ot ’ leo % Wt
Ash < 1mm

450

-1r -H40

430

-2 20
Hydrovolcanic Dominantly 1o Fig. 10. Plot of median diameter and wt. % ash
(<10 mm) versus stratigraphic sequence. Note
-3 ' l ' : : ' : : o that in this figure and Figs. 11-13, spikes in plotted
Samples 8 s 8 6 7 ! 2 4 curves show the inferred deviation from Strom-
Tuff Ring Early Cone Late Cone bolian “background” values. The spikes in the

' curves correspond to hydrovolcanic pulses




Wohletz: Explosive magma-water interactions

LATHROP WELLS CONE

259

PYROCLASTIC CONSTITUENTS vs TIME STRATIGRAPHY
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rock units. The abundance of each of these constituents
varies among samples and among the various size fractions
within individual samples. The constituent abundances
were obtained by grain counts using a binocular micro-
scope. Three size fractions were counted: 63-125,
125-250, and 250-707 pm. Because of the large number of
grains included in the field of microscopic view, accuracy
is about 0.1 vol. % for lithic materials. Figure 11 is a plot
of constituent abundance with stratigraphy. This plot shows
the variation of abundances for each of the three size frac-
tions and the marked difference of “surge” and fine ash
samples compared to the scoria samples.

Lithic constituents represent pieces of country rock
broken and incorporated in the rising magma. This mixing

occurs because of large hydraulic pressure gradients in wall
rocks surrounding the rising magma body. For hydrovol-
canic eruptions where ground water moves into and con-
tacts rising magma, thermal-hydraulic fracturing of the
wall rock and magma occurs (Delaney 1982). Thus, the
lithic type and abundance indicate the stratigraphic level of
hydrovolcanic interaction. Funiciello et al. (1976) have
demonstrated that increased lithic abundances are charac-
teristic' of hydrovolcanic tephra. For the Lathrop Wells
tephra, tuffaceous fragments from the Tiva Canyon Mem-
ber of the Paintbrush Tuff dominate lithic constituents.
Hence, ground water interaction with magma occurred
dominantly in this stratigraphic interval, which is estimat-
ed to be at a depth of 20-50 m.
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SEM TEXTURE vs TIME-STRATIGRAPHY
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Tephra surface textures

Following the method of Sheridan and Marshal (1983),
samples were prepared for SEM inspection. Samples were
split into a coarser fraction for low resolution microscopy
and a fine fraction (<63 pm) for high resolution imaging
using the upper stage of the SEM. The upper stage permit-
ted adequate imaging to magnifications of about 100 kX
which is necessary for particles in the size range of 0.1 to
1.0 pm. The technique for quantification of textural fea-
tures is discussed by Wohletz (1983b).

Five textural features were chosen for quantification
(presence or absence): vesicularity, angular blocky grain
boundaries, fused surfaces, surface chemical alteration,
and grain abrasion shown by overall rounding of initially
sharp edges. Data for these five textural features, obtained
by inspection of at least 50 representative grains for each
sample, are shown in Fig. 12. Heiken (1972, 1974) noted
that the blocky texture is a distinguishing characteristic of
ash grains formed in hydrovolcanic eruptions. Vesicularity
is a measure of volatile concentration in magma prior to
eruption and completeness of magmatic volatile exsolution
at low pressures before solidification. Fused surfaces form
on ash particles when fragmentation occurs before melt
surface temperature has fallen below the solidification

e
/
/
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dances versus stratigraphic sequence

Late Cone

temperature. Alteration is the chemical response of ash
particle surfaces to hot volatiles and fluids during eruption
and to ground water after tephra emplacement. At Lathrop
Wells, most alteration must have occurred during and
shortly after eruption because alteration zones are indepen-
dent of a ground water table or vent location, and they cor-
respond to fine ash layers that were probably emplaced
from wet, steam-rich surges.

Surface chemistry

As part of the SEM analysis, EDS analysis of grain surfaces
was done to give a semi-quantitative measure of grain sur-
face alteration. The justification for quantitative analysis
on particle surfaces using the peak to.background method
is described by Rez and Konopka (1984). They found that
the peak to background ratio does not vary much with sam-
ple orientation; however, care was taken in this study to
achieve uniform sample orientation to allow correlation
among grains analyzed.

For each sample at least seven analyses were made and
the results averaged. Using the standard deviation of ele-
ment abundances from the EDS technique, an accuracy
between £0.1 to 2.3 wt.% was obtained depending upon
the element analyzed. Figure 13 is a plot of elemental
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COMPOSITION vs TIME STRATIGRAPHY
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abundances versus stratigraphic position. This figure
shows the variation of surface alteration among samples.
Again, marked deviations in composition are noted for
surge and fine ash samples compared to scoria samples,
which show the least alteration from the fresh lava
chemistry.

Discussion and mtepretanons of field data

The tephra data presented in this section form the bas1s for
the detailed interpretation of eruption mechanism of the
Lathrop Wells basalt center. Plots showing tephra data plot-
ted as a function of stratigraphy (Figs. 10-13) all show: (1)
a major discontinuity of plotted values at the transition
from the earlier formed tuff ring to the cone building epi-
sodes; (2) sharp spikes in plotted values for fine ash sam-

1 I 1 quence
8 4 | LAVA

L——= Upward
Late Cone LAVA

ples compared to scoria samples; and (3) near uniformity
of plotted values for samples of the same bed form. This is
clear evidence that at least two fragmentation mechanisms
produced the tephra.

The fact that scoria samples all showed relatively high
vesicularity, minor alteration, few blocky breakage sur-
faces, and greater than 2 mm particle sizes is best explained
by a magmatic eruption mechanism in which rising magma
is torn apart by expanding gas as it approaches the surface.
Although there are no unequivocal data supporting the ori-
gin of the gas, the fact that the tephra show no quenching
effects, no alteration caused by disequilibrium between the
liquid phase (glass) and vapor, and no brittle fracture tex-
tures makes it likely that the vapors were originally dis-
solved in the melt. Basalt melts may contain from one to
several weight percent H,O in solution, which exsolves
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with decreasing pressure. This origin does not preclude a
deep (>1-10 km) external source of water that may have
passively diffused into the melt from country rock (Taylor
1971).

Pyroclastic surge and fine ash samples show distinctly
different textures and surface chemical compositions from
scoria samples. Blocky particle surfaces, surface chemical
alterations, fine grain size (>1 mm), and low vesicularity
indicate that these tephra were not formed by exsolving
volatile components, but by a process that mechanically
fractured the magma while quenching it and produced sur-
face chemical changes by disequilibrium conditions. This
type of tephra formation is best explained by a hydrovol-
canic mechanism.

Apparently, opening eruptions at Lathrop Wells were
hydrovolcanic. These produced uniformly fine grained
(<250 pm; Fig. 10) ash that was dispersed in pyroclastic
surges. Concurrent with surge deposition, much of the fine
ash was probably convected into the atmosphere and car-
ried by winds to far-field localities. Since grain size
decreases with increasing violence of vapor explosions, be-
cause of the control of melt surface area on heat transfer
rate, a thermodynamic efficiency of 1%~5% for these ex-
plosions at Lathrop Wells is indicated from data shown by
Wohletz (1983b). Using curves shown in Fig. 6 and the
correlation of the deposits with dry Strombolian activity, a
water-melt mass ratio (R*) of less than 0.2 can be estimat-
ed. Note that for curves shown in Fig. 6, this value of R* is
close to the explosive-nonexplosive transition (assuming
detonation parameters discussed earlier). Furthermore,
curves shown in Fig. 2 indicate that the Lathrop Wells situ-
ation might best be fit to the isothermal case, which can be
expected for steam carried along with the surges, and that
surges would be emplaced with mostly dry (superheated)
steam. Accordingly, 1%-5% of the total thermal energy of
the erupted basalt was converted to kinetic energy of the ex-
plosion. Basalt has a heat content of about 1 x10° J/kg
(1 x10® erg/kg) at magma temperatures near 1300 K. The
surge deposit volume is about 0.01 km® and its bulk density
is 1.5x10% kg/m® (Vaniman and Crowe 1981). Not ac-
counting for loss of fine ash to distal parts, the eruption
released about 1 to 5 x 10" J of energy, roughly analogous
to the energy released from about 35 to 175 ktonnes of high
explosives. This amount of explosive energy can be cor-
related to crater dimensions by the empirical relationships
derived for explosive excavation (Johnson 1971). Because
hydrovolcanic explosions result in large vapor expansions,
they should scale like high explosives do in low-strength al-
luvium. Based on this assumption, a crater diameter of
nearly 350 m and a crater depth of about 70 m can be in-
ferred from the deposit characteristics. The preceding cal-
culations are supported by the fact that the present-day cone
(diameter = 500 m) covers the topographic rim of the tuff
ring. Similarly, the inferred crater depth is near the depth
of origin for lithic fragments found in the tephra. If the u,,
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requirement for explosive interaction (Fig. 6) is relaxed to
about 40 m/s, then predicted median grain sizes of about
200 um would also correlate to observed values. Hence,
results of field and laboratory analysis of tephra can be
related to energy and mechanism of eruption.

Following the opening explosive activity, the Lathrop
Wells vent entered a less explosive, scoria cone building
phase (Strombolian). The fine ash layers intercalated in the

-scoria beds represent short-lived vapor explosions that in-

frequently punctuated the dominantly Strombolian be-
havior. These hydroexplosions resulted from periods of

ground water mixing into the vent’s feeder system, which

probably occurred during periods of slow magma rise
when the magma’s hydrostatic head decreased sufficiently
to allow the water intrusion. The last activity at the cone
was entirely nonexplosive effusion of lava, reflecting
depletion of magma volatiles and effective sealing of the
vent system from ground water incursions.

Conclusions

Hydrovolcanic eruptions produce distinctive tephra
deposits that provide quantitative data such as grain-size
distributions, grain shapes and surface chemistry, tephra
constituent abundances, deposit thickness and aereal ex-
tent, bed-form types, sizes, and distribution, and deposi-
tional angles (cohesivity). These data can be interpreted
with respect to the fluxes of magma and water within the
volcano, the depth of interaction, and the geometry of the
vent. The thermodynamics of hydrovolcanic systems,
although very complex, show for simplistic analyses the
systematic effect of varying mass ratios of water and mag-
ma. For mass ratios less than about 0.3 to 0.4, depending
upon magma composition, expansion of steam can be ex-
pected to be in the dominantly superheated state, whereas
for greater ratios expansion will produce saturated steam.
Near this transition towards expansion in the two-phase
field of water, the maximum amount of heat energy is con-
verted into mechanical energy for the work of magma frag-
mentation, crater excavation, ejecta dispersal, and other
dynamic processes. Although thermodynamic consider-
ations need to be adapted to geologic situations, such as
degree of magma-water mixing, depth of interaction, and
mode of contact, the theory helps in placing constraints
upon eruption phenomena deduced from field studies.
Such deduction is a valuable aid for hazard evaluation and
exploration for geothermal energy.

The analogy of hydrovolcanic activity to FCIs appears
to be a useful approach to understanding eruption dynam-
ics. Specifically, the liquid instability and thermal detona-
tion analyses satisfactorily explain how magma and water
can sufficiently intermingle to produce large explosions.
There are many limitations to both analyses, especially
when superheating is invoked; however, for the general
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aspects of tephra grain morphologies and surface textures,
the hydrodynamic theories are experimentally sound and
provide an attractive basis by which to evaluate SEM data.
The FCI analogy need not be limited to explosive
phenomena. Nonexplosive mixing and heat transfer situa-
tions are important to granulation and brecciation in and
around intrusions, extrusion of lava on the sea floor, migra-
tion of magmatic and wallrock chemical species, and water
saturation of magmas in chambers and dikes within. the
earth’s crust. Volcanologists are faced with documenting
new evidence that supports the hypothesis of FCI behavior
in volcanoes. Furthermore, they must be aware of the com-
plexity of physical and chemical phenomena that can result
from magma-water interaction. Finally, development of a
general hydromagmatic theory can be applied to an under-
standing of many geothermal systems and ore deposits.
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